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12 279 of restitution. More specifically, they did not flatten, retained microvilli, and lacked the 280 lamellipodial extensions indicative of cell crawling.
281
282 Neither a PGE 2 treatment, the presence of the subepithelial compartment during ex vivo 283 recovery nor in vivo recovery rescue neonatal restitution 284 Given the role of prostaglandins in driving villus contraction and tight junction restoration during 285 subacute repair, we wondered whether the exogenous addition of prostaglandins during ex vivo 286 recovery could support the restitution phase as well (1). To test this, 16,16 dimethyl-287 prostaglandin E 2 was added to the Ringer's solution in the basolateral reservoir bathing 288 recovering neonatal tissue. Despite the addition of exogenous prostaglandin E 2 , there was a 289 persistent 32±13.2% epithelial defect ( Fig. 5 A, B ). This resulted in no change in TEER (data not 290 shown; P>0.05 for effect of recovery on TEER by two-way ANOVA) and no change in 3 H-291 mannitol flux from the beginning to the end of the ex vivo recovery period (data not shown; 292 P>0.05 by Sidak's multiple comparisons test after one-way ANOVA). Additionally, endogenous 293 production of prostaglandin E 2 by recovering neonatal and juvenile mucosa during ex vivo 294 recovery was measured and found to be similar across age groups (Fig. S1 ).
295
To test whether the defect in epithelial restitution in neonatal tissues related to the lack 296 of the seromuscular layers of the jejunum (and potential signals from these layers), neonatal 297 experiments were repeated without separating the mucosa from the layers below prior to ex vivo 298 recovery. Histomorphometry identified a 70±6.3% epithelial coverage defect from ischemic 299 injury that persisted after full thickness ex vivo recovery ( Fig. 5 
303
To further assess if the lack of recovery could be rescued with an intact mesenteric 304 circulation, the ischemia/ recovery experiment was repeated with vascular clamps to reverse 13 305 ischemia and reperfuse to recover the tissue in vivo. However, in vivo recovery resulted in 306 similar TEER and 3 H-mannitol flux in the ischemic and ischemic/ in vivo recovered tissues (data 307 not shown, P>0.05 by one-way ANOVA for both analyses). Histomorphometry revealed a 308 50±7.4% and 56±6.6% epithelial coverage defect in ischemic and ischemic/ in vivo recovered 309 tissues respectively ( Fig. 5 312 We hypothesized that the lack of recovery in neonatal tissues resulted from a lack of maturity of 313 signaling elements within the mucosal compartment. To test this hypothesis, injured neonatal 314 mucosal was recovered ex vivo in the presence of homogenized mucosal scrapings from 30-315 minute ischemia-injured juvenile versus neonatal jejunum. As expected, exogenous application 316 of homogenized mucosa from injured neonatal jejunum failed to induce repair as per TEER 317 measurements (Fig. 6A ). However, application of homogenized mucosa from injured juvenile 318 jejunum to both sides of the recovering neonatal tissue induced a robust increase in TEER in 319 injured neonatal mucosa ( Fig. 6A ). Interestingly, application to either the basolateral or the 320 apical side of the tissue did not induce any changes in the TEER (Fig. 6A ). We then examined 321 histological specimens prior to and following recovery to see if changes in TEER were 322 associated with changes in epithelial coverage. This revealed an increase in epithelial restitution 323 in injured neonatal tissues recovered in the presence of injured juvenile mucosal homogenate 324 when applied both apically and basolaterally ( Fig. 6 B, C) . In contrast, application to either the 325 basolateral or the apical side of the tissue, or the application of homogenized mucosa from 326 injured neonatal jejunum did not produce the same effect. Histomorphometry indicated that 327 tissues restituted to 80±4.4% epithelial coverage when exposed on both sides to the juvenile 328 homogenate as compared to 40-60% in all other groups. Finally, to test whether the 329 components within the injured juvenile homogenate responsible for inducing repair were soluble 330 factors, the mucosal homogenates were centrifuged at 5,400 RCF and only the supernatant was 14 331 applied to both sides of recovering neonatal mucosa ex vivo. Application of neonatal or juvenile 332 supernatants produced no effect on TEER during 120-minutes ex vivo recovery ( Fig. 7A ). This 333 was associated with no difference in epithelial coverage versus untreated tissue; there were 334 persistent defects in restitution in all groups ( Fig. 7 B, C).
336 DISCUSSION
337 NEC, volvulus and SIP are associated with mucosal disruption and inflammation due in part to 338 intestinal ischemia (2). NEC is associated with estimated mortality rates between 20 and 30%, 339 with the highest rates in neonates requiring surgery to resect intestine that fails to recover from 340 injury (3, 4). In the subacute repair phase, epithelium adjacent to areas of wounding has been 341 shown in animal models to efficiently restore barrier function by way of villus contraction, 342 epithelial restitution, and tight junction restoration to limit sepsis, preserve intestinal viability and 343 reduce host morbidity and mortality (1). However, in the present study, we have shown that 344 there is a marked defect in the degree to which epithelial cells in neonatal pigs are able to 345 restitute, and this is interestingly not the case in sow-matched piglets 6-weeks-of-age, which are 346 only 4-weeks older. For example, quantifying restitution by histomorphometry following 30-347 minutes of ischemia in the two age groups revealed a stark difference in the percent wound 348 closure between neonates (-11%) and juveniles (93%). Furthermore, juvenile animals 349 demonstrate complete epithelial restitution and barrier restoration (as measured by TEER and 350 3 H-mannitol flux) in tissues injured with up to 60-minutes ischemia and do this in a remarkably 351 short period of ex vivo recovery (120-minutes). This complete barrier restoration following 352 ischemic injury in our juvenile pig model is consistent with similar studies in the small intestine of 353 adult human patients (19, 21). The disparity in repair between neonates and juvenile animals 354 may partly explain high mortality rates associated with intestinal ischemic disease in infants.
355
One possibility that we considered to explain poor reparative responses in neonates in 356 this study is that the neonatal mucosa may be time-dependently more susceptible to ischemic 15 357 damage. One reason to consider this is the elongated height of villi in neonates, which would 358 theoretically increase the counter-current exchange of oxygen within the villus vasculature that 359 exacerbates ischemic injury at the tips of the villi(1, 22). However, we were able to show that 360 intestinal ischemia induces a similar degree of injury to the epithelium of both neonates and 361 juveniles, relative to total villus length, as per our data demonstrating no significant difference in 362 ischemia-induced loss of epithelial coverage in juvenile versus neonatal tissues. Furthermore, 363 epithelial sloughing was shown to be restricted to the villus tips and the affected cells are mainly 
371
The basement membrane was of added interest to us because of the critical role this 372 plays in signaling and facilitating cell crawling. We examined the basement membrane of the 373 wounded villi by labeling with collagen IV and appeared to be continuous and intact in both age 374 groups. A defect in the basement membrane is thus likely not responsible for the impaired 375 epithelial crawling noted in neonates. However, we did not examine any differences in the 376 composition of other basement membrane constituents (nidogen, sulfated proteoglycans, and 377 laminins) between neonates and juveniles. Notably, laminin isoforms, which are differentially 378 expressed and often developmentally regulated, have differing regulatory properties for cell 379 adhesion and migration and may be of interest for future study (24, 25).
380
Focusing specifically on epithelial crawling during restitution, enterocytes bordering the 381 wound bed must depolarize and form lamellipodia to spread into and migrate across the defect 382 until they contact other migrating epithelial cells, effectively closing the defect(1). We visualized 16 383 this phenotype in recovering juvenile mucosa by SEM. More specifically, juvenile enterocytes at 384 the wound margins could be seen assuming a migratory phenotype, flattening and spreading 385 the redundant membrane of their microvilli into lamellipodia into the wound bed to close the 386 defect. This was in marked contrast to the wound-adjacent enterocytes of neonates, which 387 remained tall and round with intact microvilli, showing no evidence of spreading and lamellipodia 388 formation. In addition, these cells did not appear columnar either, but rather appeared to have 389 taken on a spherical brush-border-covered 'tennis ball'-like appearance that suggested some 390 level of cellular dysfunction. These findings suggest that neonatal enterocytes lack a 391 mechanism of epithelial migration which may include the signals from the extracellular 392 microenvironment, the appropriate receptors signal transduction pathways within the epithelium, 393 the cellular machinery required for depolarization and directional migration, or the physical 394 microenvironment required for adhesion and migration such as extracellular matrix or mucous 395 layer components.
396
Previous work by our lab has implicated prostaglandin E 2 in signaling for barrier repair in 397 the context of first and last phases of subacute repair: villus contraction and tight junction 398 reassembly(1, 26, 27). We therefore wondered if prostaglandin E 2 also played a role in inducing 399 epithelial restitution. However, ischemia-injured neonatal tissue treated with exogenous 16,16-400 dimethylprostaglandin E 2 did not show improved recovery, and when this eicosanoid was 401 measured in the apical Ringer's solution sampled during ex vivo recovery, the levels detected 402 did not differ between neonatal and juvenile pigs. Therefore, prostaglandin E 2 does not appear 403 to be a key missing factor responsible for the restitution defect in neonates.
404
This repair model employs ex vivo recovery and stripping of the seromuscular layers 405 from the mucosa before mounting on the Ussing chambers, necessitating that the mucosa 406 recovers independently of host input from any tissue beyond the muscularis mucosa. While this 407 is not an impediment for the juvenile-aged animals, we wondered whether the addition of these 408 host signals may rescue the failed restitution in the neonates. Therefore, we repeated the 17 409 experiments in neonates without stripping the seromuscular layers for ex vivo recovery, 410 reasoning that although this maneuver is intended to reduce the thickness of tissue which must 411 be oxygenated and supplied with glucose ex vivo, neonatal tissues are thinner, and may be 412 more likely to repair under full thickness conditions. However, there was no enhancement of the 413 reparative response noted. In additional experiments, we took this idea a step further by 414 reperfusing neonatal tissue for 120-minutes in vivo in order to allow potential factors from the 415 systemic circulation and innervation to aid recovery, and to leave the tissue that much more 416 intact to enable more physiological responses to injury. However, this experimental design also 417 did not result in any notable improvement in mucosal repair and recovery of barrier function.
418 Collectively, these data suggest that there is not a component of repair signaling deep to the 419 muscularis mucosa, such as the host immune, nervous, or circulatory systems, that can rescue 420 subacute repair in injured mucosal epithelium within neonatal animals. Importantly, these 421 findings also confirm that the lack of recovery in neonatal mucosa ex vivo is not an artifact of the 422 experimental conditions. Indeed, our model mirrors in vivo pathophysiology and is therefore a 423 very powerful tool to study the development of neonatal intestinal repair mechanisms.
424
In light of systemic neonatal host inputs failing to rescue neonatal repair, we reasoned 425 that the mucosal microenvironment from animals of the older age group might contain the 426 elements required to promote repair. Indeed, this appeared to be the case because when 427 exogenous homogenized mucosal scrapings from ischemia-injured jejunum from juveniles was 428 placed in the Ussing chambers with ischemic-injured neonatal tissues, there was a robust 429 recovery of TEER and a measurable increase in epithelial restitution in the neonatal mucosa.
430 Importantly, this was not the case following application of homogenized mucosa from ischemia-431 injured neonatal jejunum, further supporting the presence of age-dependent pro-reparative 432 factors within the juvenile milieu. These mucosal mixtures contain briefly homogenized mucosal 433 scrapings consisting of everything from the level of the muscularis mucosa to the luminal 434 surface including the live cells, cell secretory products, extracellular matrix and, very likely, the 18 435 adherent mucous layer and microbiota. An interesting finding was that the homogenate had to 436 be placed on both sides of recovering tissue to induce the restitution response. This may be due 437 to a dose-response effect and application on both sides provides twice the dose of the key pro-438 repair factors. Alternatively, it may be that the key factors must act on both the basolateral and 439 apical sides to induce a response, perhaps by acting on specific membrane-bound receptors on 440 the epithelial cell, for example. Another interesting factor was that a low speed centrifugation to 441 remove all solids from the juvenile homogenate attenuated the reparative effect of the 442 homogenized mucosa, suggesting that the responsible components of the mixture either exist 443 within the solids or are a labile secretory factor needing to be continually produced by live cells 444 within the Ussing chamber reservoirs.
445
Future studies to identify the key factors responsible for producing the rescue effect in 
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In conclusion, these studies show that there is a critical, but rescuable, defect in 463 epithelial restitution following ischemic injury due to age-related insufficiency of repair 464 mechanisms within the mucosal compartment. These findings may be of significant translational 465 relevance to high morbidity and mortality in pre-term and term infants afflicted with ischemia- 
